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bstract
A fast, simple, sensitive cathodic adsorptive stripping voltammetric procedure for quantitative analysis of Cd–oxine complex in al-
adinah city water samples and human plasma is described. The technique involves adsorptive accumulation of the complex on the
orking electrode, followed by square wave voltammetric determination of the preconcentrated analyte. In basic media, a cathodic
lectrochemical process involving the elimination of two protons occurs, and a mechanism for the reduction process is suggested.
he optimal experimental parameters for assay of this complex are: carbonate supporting electrolyte pH 8, accumulation time 30 s,
ccumulation potential −0.1 V, scan rate 200 mV s−1, pulse amplitude 80 mV, frequency 40 Hz, surface area of working electrode
.6 mm2 and convection rate 1000 rpm. The calibration graph for determination of Cd–oxine was linear over the concentration range
 ×  10−8 to 4 ×  10−7 mol l−1 (r  = 0.998), with a detection limit of 3.5 ×  10−9 mol l−1. The precision of the proposed procedure was
stimated by 10 successive voltammetric measurements of 2 ×  10−6 mol l−1 Cd with 4 ×  10−6 mol l−1 oxine, and the calculated
elative standard deviation was 0.39%. The percentage recovery, indicating the accuracy of the analytical method, was 94 ±  1.0%.
ossible interference by several substances, including metals and ligands, was also evaluated. The electroanalytical method was
uccessfully applied to assaying cadmium in water samples and biological fluids such as plasma.
 2013 Taibah University. Production and hosting by Elsevier B.V. All rights reserved.
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ecorded when a gradually changing voltage is applied∗ Tel.: +966 48470235; fax: +966 48470235.
E-mail address: alifh2006@hotmail.com
eer review under responsibility of Taibah University
658-3655 © 2013 Taibah University. Production and hosting by
lsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jtusci.2013.07.003to a cell containing the solution of interest, a stable
reference electrode and a small-area working or indica-
tor electrode. Usually, the voltage is increased linearly
with time. Such curves are known generically as voltam-
mograms. In the special case in which the indicator
electrode is a dropping mercury electrode, introduced
by J. Heyrovsky in 1922, the technique is known as
“polarography”, and the current-versus-voltage curves
are called “polarograms”. Stripping voltammetry is
considered a voltammetric technique. The sensitivity
of voltammetric techniques for cations of amalgam-
forming metals and for anions forming slightly soluble
compounds with mercury can be increased by accumu-
lating the material within the electrode (as an amalgam)
or at the surface of the electrode by pre-electrolysis [1].
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Cathodic stripping voltammetric (CSV) is one type of
stripping voltammetry used to measure a wide range of
organic and inorganic compounds capable of forming
insoluble salts with mercury, including various thiols and
penicillins, halide ions, cyanide and sulfide [2]. Many
reviews have emphasized and illustrated the wide spec-
trum and scope of CSV applications and its potential
in the analysis of metal ions [3,4], organic analytes [5],
pharmaceutical drugs and biomedical compounds [6,7].
Heavy metals such as cadmium, lead and mercury are
present at rapidly increasing, alarming levels, particu-
larly in rivers and inshore waters where industrial wastes
are discharged, and they tend to concentrate in all matri-
ces [8]. Mining, pouring, casting, processing and metal
use have led to their dispersion into the general envi-
ronment. Ingestion of food and beverages contaminated
with heavy metals can impair the health of the gen-
eral population [9]. Heavy metals have been extensively
investigated by atomic adsorption spectrometry [10,11],
atomic emission spectrometry [12] and ion chromatogra-
phy techniques [13,14]; however, these techniques have
certain defects, such as complicated operation, high cost
of maintenance and expensive apparatus requiring well-
controlled experimental conditions.
Cadmium has been determined in various samples
by several analytical methods, including spectrophoto-
metry [15–18], stripping voltammetry and square wave
voltammetry in water samples in the presence of different
chelating agents [19–21]. We optimized certain experi-
mental conditions and propose a voltammetric method
for determination of cadmium (II) in al-Madinah natural
water. The method is convenient and is more sensi-
tive, has a lower detection limit and cost less than other
methods.
2.  Materials  and  methods
2.1.  Apparatus
Cathodic adsorptive stripping, polarography and
cyclic voltammetry measurements were carried out
with 797 AV Computrace (Metrohm, Switzerland) con-
nected to a Dell computer and controlled by VA
Computrace 2.0 control software. Cathodic voltam-
mograms were printed on a HP Color Laserjet 1215
printer. A conventional three-electrode system was
used in the hanging mercury drop electrode (HMDE)
mode. pH values were measured on a Hanna pH 211
(Romania). Biohit adjustable micropipettes and Brand
adjustable micropipettes (Germany) were used to mea-
sure microlitre volumes of standard solutions and of all
analyzed samples. A Labofuge 200 Heraeus Sepatechersity for Science 8 (2014) 19–25
(Germany) centrifuge was used to prepare biological
fluids for voltammetric analysis.
2.2.  Reagents
A cadmium stock solution at 1 ×  10−3 mol l−1 was
prepared by dissolving the appropriate amount of
Cd(NO3)2 in distilled water, and an oxine stock solu-
tion of 1 ×  10−3 mol l−1 was prepared by dissolving the
appropriate amount of oxine (8-hydroxyquinoline) in
ethanol in 25-ml volumetric flasks. These stock solu-
tions were stored in the dark. Standard solutions of
lower concentrations were prepared daily by diluting the
stock solution with distilled water and ethanol. Britton-
Robinson supporting buffer (pH ≈  2, 0.04 mol l−1 in
each constituent) was prepared by dissolving 2.47 g of
boric acid (Winlab, UK) in 500 ml distilled water con-
taining 2.3 ml of glacial acetic acid (Winlab, UK) and
then adding 2.7 ml of o-phosphoric acid (Riedal-deHaen,
Germany) and diluting to 1 l with distilled water. The
carbonate buffer was made up to 0.1 mol l−1 in both
sodium hydrogen carbonate (Winlab, UK) and diso-
dium carbonate (BDH, UK), while phosphate buffer
was prepared from 0.1 mol l−1 in both phosphoric
acid (Riedal-deHaen, Germany) and sodium dihydrogen
phosphate (Winlab, UK). The acetate buffer was pre-
pared from 0.02 M in both sodium acetate (Winlab, UK)
and acetic acid (Winlab, UK).
2.3.  Procedure
The general procedure for obtaining cathodic adsorp-
tive stripping voltammograms was as follows: A 10 ml
aliquot of carbonate supporting buffer (unless otherwise
stated) at the desired pH was pipetted into a clean, dry
voltammetric cell, and the required standard solutions of
complex were added. The test solutions were purged with
nitrogen for 3 min initially, while the solution was stirred.
The accumulation potential of −0.1 V vs. Ag/AgCl was
applied to a HMDE, and the solution was stirred for 30 s.
After the preconcentration period, cathodic stripping was
stopped, and, after 10 s, cathodic scans were carried out
over the range −0.3 to −1.2 V. All voltammetric mea-
surements were carried out at room temperature.
2.4.  Analysis  of  Cd–oxine  in  spiked  human  plasma
Accurately measured aliquots of complex solutions
were pipetted into centrifugation tubes containing 500 l
human plasma and vortexed for 5 min. Into each tube,
0.5 ml methanol, 0.1 ml NaOH (0.1 M) and 0.5 ml
ZnSO4·7H2O (5%, w/v) [22] were added, and the tubes
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Fig. 1. Cathodic stripping voltammetric behaviour of Cd–oxine in carbonate buffer at pH 8.0. Experimental conditions: tacc = 30 s, Eacc = −0.1 V,
scan rate 200 mV s−1 and concentrations: A = 3 × 10−7 Cd2+, B = A + 5 × 10−7 oxine, C = B + 5 × 10−7 Cd2+, D = C + 1 × 10−6 oxine and
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p = D + 8 × 10−7 Cd2+ mol l−1.
ere then centrifuged for 8 min at almost 4000 rpm.
he clear supernatant layer was filtered through a
.45–m ml pore filter. A 0.1-ml volume of the super-
atant liquor was transferred into the voltammetric cell
nd brought up to 10 ml with a carbonate pH 8 univer-
al buffer. The complex was quantified by the proposed
athodic stripping voltammetric method.
.  Results  and  discussion
.1.  Voltammetric  behaviour  of  Cd–oxine  complex
In order to evaluate the cathodic voltammetric
ehaviour for complexes, Cd2+ was applied alone. It did
ot yield a cathodic reduction response on the working
ercury electrode at the suggested complex potential, as
an be seen from Fig. 1, which shows a flat background
ine (A) for 3 ×  10−7 mol l−1 Cd2+ in pH 8.0 carbonate
uffer. The addition of 5 ×  10−7 mol l−1 oxine ligand
o the metal test solution, however, resulted in a well-
efined line (B) with a cathodic peak at −700 mV (versus
g/AgCl reference electrode). The oxine ligands exhib-
ted strong affinity to Cd ions, forming a highly stable
d–oxine complex, which was strongly adsorbed onto
he HMDE surface. A well-developed cathodic stripping
oltammetric peak was found to respond sharply to
he addition of either Cd2+ or oxine (lines C, D and
), probably reflecting formation and adsorption of the
uggested complex. The observed CSV peak is probably
ue to cathodic reduction of Cd2+ in the adsorbed com-
lex with oxine ligand. The electrochemical mechanismof this reduction process for Cd–oxine complex is
described by the following equation:
Cd(ox)2 +  2e– = Cd(Hg) +  2ox−,
where ox is 8-hydroxyquinoline [23].
This proposed electrochemical reduction mechanism
suggests a reversible oxidative process for Cd ions in the
adsorbed complex, an assumption that was confirmed by
cyclic voltammetric measurement of 8 ×  10−6 mol l−1
oxine and 4 ×  10−6 mol l−1 Cd2+ in pH 8.0 carbon-
ate buffer at 100 mV s−1 scan rate. As can be seen
from Fig. 2, which shows the cyclic voltammogram
of the complex, the anodic peak on the reverse scan
confirms the reversible nature of the reduction process.
Furthermore, as can be seen from Fig. 3, repeated cyclic
voltammetric measurements of this complex resulted in
well-developed peaks on all cathodic and anodic scans.
Succeeding cathodic scans, however, exhibited a grad-
ual decrease in voltammetric peak intensity, which may
indicate the adsorptive characteristic of this complex at
the surface of the working electrode used. The interfa-
cial accumulation of this oxine–metal complex onto the
HMDE surface can nevertheless be used as an effective
accumulation step to enhance electroanalytical determi-
nation of cadmium ions.
3.2.  Factors  affecting  cathodic  adsorptive  stripping
response3.2.1.  Effect  of  supporting  electrolyte  and  pH
A suitable medium is an important parameter for
CSV determination of the Cd–oxine complex. Thus,
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Fig. 2. Cyclic voltammetry of 4 × 10−6 mol l−1 Cd2+, 8 × 10−6 mol l−1 oxine, at carbonate buffer pH 8.0 Britton-Robinson buffer, scan rate
100 mV s−1.
mol l−1
3.2.2.  Effect  of  accumulation  parameters
Preconcentration of the analyzed complex on the
surface of HMDE is another essential condition forFig. 3. Multi-cyclic voltammetry of 4 × 10−6 mol l−1 Cd2+, 8 × 10−6
100 mV s−1(sweep rates: (1) 80, (2) 66, (3) 60, (4) 57 and (5) 54 nA).
2 ×  10−6 mol l−1 of Cd2+ and 4 ×  10−6 mol l−1 of oxine
solution were studied by CSV in Britton-Robinson, car-
bonate, acetate and phosphate buffers at pH 3, 7 and 10
after 30 s preconcentration at 0.0 V accumulation poten-
tial. The ideal cathodic adsorptive stripping response
in terms of peak shape, current and the smoothness
of the baseline was observed with carbonate buffer,
which was selected as the optimum for subsequent
work. The influence of pH over the range 7.5–11 on
the peak height and potential of the complex was inves-
tigated further, as shown in Fig. 4, in which the cathodic
voltammetric peak height of the Cd–oxine solution is
plotted as a function of pH. Variations in pH val-
ues over the range 8–11 gradually decreased the peak
CSV current. For analytical purposes, the optimum pH
for determination of this complex was found to be
pH 8.0.oxine, at carbonate buffer pH 8.0 Britton-Robinson buffer, scan rateFig. 4. Effect of pH on the cathodic peak current of 2 × 10−6 mol l−1
Cd2+, 4 × 10−6 mol l−1 oxine in carbonate buffer.
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Fig. 5. Effect of accumulation time (tacc) on the cathodic peak current
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ensitive determination, as the amount of the accu-
ulated complex depends on the time for which
ccumulation is allowed, in addition to the intensity
f stirring and applied accumulation potential. The
eduction current for 2 ×  10−6 mol l−1 of Cd2+ and
 ×  10−6 mol l−1 of oxine was measured as a function
f accumulation time, as shown in Fig. 5, over the range
.0–150 s. In this diluted solution, an almost linearly
ependence between CSV peak current and accumu-
ation time was observed between 0.0 s and 30 s. In
rder to reduce the experimental time, a 30-s collection
as adopted as optimal for subsequent voltammetric
tudies.
A variation in accumulation potential from −0.8 V to
0.4 V had a sharp effect on the peak current of the cad-
ium complex (Fig. 6). The maximum cathodic peak
urrent value was obtained with an accumulation poten-
ial of −0.1 V, which was selected as the optimum for
nsuring adequate sensitivity. Alteration of accumula-
ion time and potential did not cause significance shifts
n the CSV peak potential.
ig. 6. Effect of accumulation potential (Eacc) on the cathodic peak
urrent of 2 × 10−6 mol l−1 Cd2+, 4 × 10−6 mol l−1 oxine in carbonate
uffer pH 8.0 and 30 s tacc.Fig. 7. Effect of scan rate on the cathodic peak current of
2 × 10−6 mol l−1 Cd2+, 4 × 10−6 mol l−1 oxine in carbonate buffer pH
8.0, 30 s tacc and −0.1 V Eacc.
3.2.3.  Effect  of  potential  sweep  conditions
Generally, the cathodic stripping voltammetric
response is related to how the applied potential was
scanned. For instance, the cathodic peak current of the
complex was found to be proportional to the scan rate,
particularly over the range 50–200 mV s−1. As can be
seen from Fig. 7, alteration in the scan rate between 50
and 400 mV s−1 caused the CSV peak current to increase
linearly at the start of scans to 200 mV s−1 and then grad-
ually to decrease with increasing scan rate values. The
effect of changing the pulse amplitude on the square-
wave voltammetric current was also evaluated over the
range 10–100 mV (Fig. 8). The peak current of the com-
plex increased almost linearly with the pulse amplitude
over the range 10–80 mV; then, the current continued
to increase, but the shape of the cathodic peak dete-
riorated. Accordingly, an 80 mV pulse amplitude was
adopted as the optimum. In order to estimate the influ-
ence of square wave frequency on CSV peak current,
the value of this parameter was varied over 10–80 Hz. A
proportional relation was observed up to 40 Hz; then, the
current continued to increase, but the shape of the peak
Fig. 8. Effect of pulse amplitude on the cathodic peak current of
2 × 10−6 mol l−1 Cd2+, 4 × 10−6 mol l−1 oxine in carbonate buffer pH
8.0, 30 s tacc, −0.1 V Eacc and 200 mV s−1 scan rate.
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 = 8.0,
−7
, D =
Fig. 9. CSV voltammogram for Cd(ox)2 complex in carbonate buffer, pH
oxine, Cd2+ concentration. A = buffer signal, B = 5 × 10−8, C = 1 × 10
deteriorated. Hence, a 40 Hz frequency was chosen for
further studies.
3.2.4. Effect  of  other  instrumental  variables
The influence of other operating parameters, such as
the size of the adsorption area (HMDE) and the convec-
tion rate, on the efficiency of adsorption accumulation
of the cadmium complex was also studied. As expected,
a linear enhancement was observed for electrochemi-
cal peak intensity when the surface area of the HMDE
was increased over the range 0.15–0.6 mm2 drop size.
The influence of convection rate on the monitored peak
current was evaluated over the range 0–3000 rpm, and a
linear enhancement of the analytical signal was observed
up to 1000 rpm. Hence, a 1000 rpm stirring speed was
chosen as the optimum.
3.3.  Quantitative  utility
3.3.1.  Calibration  curve  and  detection  limit
Under the optimum experimental conditions a good
linear correlation was obtained between the Cd(ox)2
complex electrochemical response and its concentration
in the range 5 ×  10−8 to 4 ×  10−7 mol l−1 of Cd2+ and
8 ×  10−7 mol l−1 of oxine (Fig. 9). The parameters of the
complex concentration–current straight line were calcu-
lated by the least-squares method, giving the regression
equation of the calibration line:
ip (nA) =  3.3 ×  108C  (mol l−1) +  35.2
r =  0.998 n =  5
where ip is the CSV peak current, C  is the complex
concentration, and r  is the correlation coefficient. tacc = 30 s, Eacc = −0.1 V, scan rate = 200 mV s−1 and 8 × 10−7 mol l−1
 2 × 10−7, E = 3 × 10−7, F = 4 × 10−7 mol l−1.
On the other hand, the detection limit, which defined
as three times the signal to noise ratio (S/N = 3) reached
in the optimum conditions for monitoring this complex
was 3.5 ×  10−9 mol l−1.
3.3.2.  Reproducibility
The analytical precision of the new method
was verified by determining the reproducibility of
10 determinations of 2 ×  10−6 mol l−1 cadmium and
4 ×  10−6 mol l−1 oxine solutions in carbonate buffer at
pH 8.0. A relative standard deviation of 0.39% was
found, indicating reproducible accumulation and moni-
toring of the complex.
3.3.3.  Recovery
The recovery of the procedure, which reflects the
accuracy of the method, was evaluated by analysing a
spiked buffer solution containing 2 ×  10−7 mol l−1 cad-
mium and 6 ×  10−7 mol l−1 oxine by the optimized CSV
procedure. The mean recovery of five measurements was
94% ±  1.0.
3.3.4.  Stability
The stability of the electroanalytical signal of
2 ×  10−6 mol l−1 Cd2+ was investigated by monitoring
the CSV signal under the optimum analytical conditions
every 10 min. The measured electrochemical response
appeared to be stable over 1.5 h.
3.4.  InterferenceThe effects of possible interfering substances, such
as metal ions (Pb2+, Cu2+, Zn2+, Ni2+, Al3+) and ligands
(EDTA, citric acid, oxalic acid), on CSV determination
of Cd(ox)2 were investigated by adding appropriate
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Table 1
Determination of Cd2+ as Cd(ox)2 complex in Al-Madinah water samples and human plasma by the proposed CSV method.
Recorded concentration (ppm) Recovery (%)
Badar Omlog Al Mundassah Abar Almashi Al Mahameed Hamra’a Alasad Human plasma
1578 503 2807 90 99 102 105
1580 501 2800 92 98 103 108
1577 500 2800 92 97 104 110
1575 498 2798 90 97 105 109
1576 498 2795 91 94 106 107
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[577.2 ± 1.9 500 ± 2.1 2800 ± 4.42 Mean, 91
SD ± 1.0
mounts of these substance at concentrations of 1-, 5-
nd 20-fold higher than the concentration of the complex
n the test solution (10 ml of carbonate buffer contain-
ng 1 ×  10−7 mol l−1 cadmium and 5 ×  10−7 mol l−1
xine). Although moderate decreases in the voltam-
etric signals were observed, the presence of high
oncentrations (5- and 20-fold) of these substances did
ot increase the monitored CSV response by more than
.0% and 3.5%, respectively.
.5.  Analytical  applications
The proposed CSV method has been used to deter-
ine Cd2+ as Cd(ox)2 complex in al-Madinah water
amples (Badar natural water, Omlog seawater, Abar
lmashi natural water, Al Mahameed natural water, Al
ondassah natural water and Hamra’a Alasad natural
ater) and human plasma. Cadmium ion was determined
s Cd(ox)2 directly by the optimized CSV method with-
ut requiring dissolution or filtration steps. Cadmium
as determined directly in 200-l water samples added
o the test solution (10 ml carbonate buffer pH 8.0 con-
aining 1 ×  10−6 mol l−1 oxine). Five aliquots of the
admium sample were diluted to the required concen-
ration and measured by the standard addition approach.
he results of these studies (Table 1) showed mean
ecoveries of 91%, 97%, 104% and 108% with standard
eviations of 1.0%, 1.87%, 1.6% and 1.6%, respec-
ively, for Abar Almashi, Al Mahameed and Hamra’a
lasad natural waters, and human plasma. In Badar nat-
ral water, Omlog seawater and Al Mondassah natural
ater, cadmium was found at 1577.2 ppm, 500 ppm and
800 ppm, with standard deviations of ±1.9, 2.1 and
.42%, respectively, were recorded.cknowledgements
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